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Abstract

Glycosyltransferases are enzymes that synthesize oligosaccharides, polysaccharides and glycoconjugates. One type of glycosyl-
transferase is chitin synthase, a very important enzyme in biology, which is utilized by insects, fungi, and other invertebrates to
produce chitin, a polysaccharide ofβ-1,4-linkedN-acetylglucosamine. Chitin is an important component of the insect’s exoskeletal
cuticle and gut lining. To identify and characterize a chitin synthase gene of the tobacco hornworm,Manduca sexta, degenerate
primers were designed from two highly conserved regions in fungal and nematode chitin synthase protein sequences and then used
to amplify a similar region fromManduca cDNA. A full-length cDNA of 5152 nucleotides was assembled for the putativeManduca
chitin synthase gene,MsCHS1, and sequencing of genomic DNA verified the contiguity of the sequence. TheMsCHS1 cDNA has
an ORF of 4692 nucleotides that encodes a transmembrane protein of 1564 amino acid residues with a mass of approximately 179
kDa (GenBank no. AY062175). It is most similar, over its entire length of protein sequence, to putative chitin synthases from other
insects and nematodes, with 68% identity to enzymes from both the blow fly,Lucilia cuprina, and the fruit fly,Drosophila mel-
anogaster. The similarity with fungal chitin synthases is restricted to the putative catalytic domain, and the MsCHS1 protein has,
at equivalent positions, several amino acids that are essential for activity as revealed by mutagenesis of the fungal enzymes. A 5.3-
kb transcript ofMsCHS1 was identified by northern blot hybridization of RNA from larval epidermis, suggesting that the enzyme
functions to make chitin deposited in the cuticle. Further examination by RT-PCR showed thatMsCHS1 expression is regulated in
the epidermis, with the amount of transcript increasing during phases of cuticle deposition. Published by Elsevier Science Ltd.
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1. Introduction

Chitin is a linear polysaccharide ofN-acetylglucosa-
mine residues joined byβ-1,4 glycosidic linkages. It is
found in the cell wall of fungi, the eggshell of nema-
todes, as well as in the shells (exoskeleton) of crus-
taceans from which it is extracted for commercial use.
This polymer also plays an important structural role in
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the cuticle and peritrophic matrix that lines the midgut
of most insects. Multiple genes for chitin synthases have
been isolated from yeast and other fungi (Bulawa, 1993).
For example, seven chitin synthase genes have been
identified from a single species of fungi (Mellado et al.,
1995); however, that number may be far less in insects.
With the completion of theDrosophila Genome Project
(Adams et al., 2000), only two deduced protein
sequences in the fly have similarity to fungal chitin
synthases. Likewise, two putative chitin synthase genes
are identifiable in the genome of the nematode,Caenor-
habditis elegans (The C. elegans Sequencing Consor-
tium, 1998). At the protein level, only fungal chitin
synthases have been isolated and well characterized,
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particularly the three found in the yeast, Saccharomyces
cerevisiae (Cabib et al., 2001).

So that appropriate levels of chitin are maintained dur-
ing insect development, the synthesis and degradation of
chitin by chitin synthase (EC 2.4.1.16) and chitinase (EC
3.2.1.14), respectively, need to be precisely regulated
(Kramer and Koga, 1986). Although these enzymes are
potential targets for pest control agents (Palli and
Retnakaran, 1999; Spindler and Spindler-Barth, 1999;
Cohen, 2001), there has been little commercial success
in that regard in spite of the fact that both proteins have
been the focus of rather intense research efforts.

More information has been generated about the
properties of insect chitinases and their genes than about
chitin synthases and their genes (Cohen, 1991; Koga et
al., 1999; Merz et al., 1999). Insect chitinase is primarily
a soluble protein of modest molecular size, whereas chi-
tin synthase is membrane-bound and substantially larger.
In contrast to insect chitinases, which have been studied
extensively, no insect chitin synthase has been well
characterized. Recently, however, Tellam et al. (2000)
reported that the cDNA for a chitin synthase of the blow
fly, Lucilia cuprina, encodes a large transmembrane pro-
tein containing 1592 amino acids. Subsequently Ibrahim
et al. (2000) described a cDNA for the same enzyme
from the mosquito, Aedes aegypti, which encoded a pro-
tein only about half the size of the blow fly enzyme,
containing only 865 amino acids.

We have recently determined the sequence of a full-
length cDNA for a chitin synthase-like protein from the
tobacco hornworm, Manduca sexta. This was initiated
by using degenerate primers designed from conserved
regions of chitin synthase protein sequences of fungi and
nematodes for use in polymerase chain reaction (PCR)
amplification from hornworm cDNA and genomic DNA.
The Manduca chitin synthase cDNA (MsCHS1) has an
open reading frame of 4692 nucleotides that encodes a
1564-amino acid transmembrane protein. The hornworm
enzyme is very much like the blow fly and fruit fly
enzymes in sequence, domain structure, and predicted
transmembrane profile. Transcription studies were
undertaken to determine whether MsCHS1 is expressed
during cuticle deposition.

2. Materials and methods

2.1. Insect cultures

M. sexta larvae were reared using an artificial diet at
27°C as described by Bell and Joachim (1976). The pho-
toperiod was 16 h of light and 8 h of darkness.

2.2. Genomic DNA and cDNA sequencing

Genomic DNA was extracted from third and fourth
instar larvae that had been homogenized in 100 mM

NaCl, 10 mM Tris–HCl (pH 8.0), 25 mM EDTA, 0.5%
sodium dodecyl sulfate, and phenol/chloroform/isoamyl
alcohol (25:5:1, v/v/v) (Ausubel et al., 1994). A chitin
synthase DNA fragment was amplified by PCR from
cDNA prepared from fifth instar larval mRNA. The
degenerate primers Chs1F (5�-CARAANTTYGAR-
TAYRMNAT-3�, where R=A or G; N=G, A, T or C;
Y=C or T and M=A or C, corresponding to positions
2476–2495 in Fig. 2) and Chs2R (5�-
CCANCKNCKNCKYTGNBHDWWRAAYTC-3�,
where K=G or T; B=T, C or G; H=A, C or T; D=A, G
or T and W=A or T, corresponding to positions 2761–
2787, see Figs. 1 and 2) were designed from the con-
served regions Q-K/N-FEY-A/K-I/M and EF-Y/F/I-
N/S/G-QRRRW found in chitin synthases of fungi and
nematodes [Din and Yarden, 1994; Yanai et al., 1994;
Nino-Vega et al., 1998; Bradshaw, 1999 (unpublished,
GenBank Protein Database Accession No. T32452);
McMurray, 1999 (unpublished, GenBank Protein Data-
base Accession No. T25284)]. PCR samples (50 µl) con-
tained 10 mM Tris–HCl at pH 9, 1.5 mM MgCI2, 0.5
µM of each primer, 50 mM KCI, 0.1 mM of each dNTP,
0.05 unit/µl of Taq DNA polymerase, and approximately
100 ng of M. sexta DNA template, and reactions were
performed using a PTC-100 thermocycler (MJ Research,
Inc., Watertown, MA). DNA was initially denatured for
3 min at 94°C, and the PCR amplification was conducted
for 45 cycles, with 30 s denaturing at 94°C, 30 s
annealing at 58°C, 1 min extension at 72°C, and a final
10 min extension at 72°C. The PCR product was sub-
jected to electrophoresis on 1% low melting point aga-
rose gel, and the resulting DNA fragment (�300 bp) was
excised and purified using the Wizard PCR Preps DNA
purification kit (Promega, Madison, WI). The PCR frag-
ment was cloned into a pGEM-T vector (Promega), and
its sequence was determined using an automated
sequencer (ABI Prism 3700, DNA Sequence and Syn-
thesis Facility, Iowa State University, Ames, IA).

Fig. 1. Cloning strategies for obtaining the full cDNA sequence of
M. sexta chitin synthase. Solid and dashed lines represent cDNA and
genomic DNA fragments, respectively. The former fragments were
sequenced in both directions. Hollow bars are 5�- and 3�-untranslated
regions, and solid bar is the open reading frame. cDNA fragment 1
was RT cDNA obtained from 5�-RACE. cDNA fragments 2–9 were
amplified from RT cDNA and cDNA libraries. Genomic DNA frag-
ments 1–4 include 12 introns (a–l) that are 213, 328, 686, 471, 83, 86,
311, 76, 464, 76, 78, and 82 bp in length, respectively. Arrows below
genomic DNA fragment 4 identify the position of primers used for
RT-PCR analysis.
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Fig. 2. Alignment of predicted protein sequences of Manduca (MsCHS1), Lucilia (LcCS-1) and Drosophila (DmCHS1) chitin synthases using
ClustalW. Symbols above each set of lines indicate identity (∗), highly conserved substitutions (:), conserved substitutions (.) or amino acids
believed to be important for catalysis. Shaded lines are believed to encompass the catalytic domain (darkly shaded) and the transmembrane region
for the chitin polymer to traverse the plasma membrane (lightly shaded). The relative positions of introns in the genomic DNA sequence that
encodes DmCHS1 (GenBank Accession: AE003603) are indicated by delta (�). All introns we found use conventional 5�- and 3�-splice junctions
and were located to maximize protein sequence identity with MsCHS1 predicted from the cDNA clone.

2.3. cDNA cloning

To obtain the sequence of the full-length cDNA of the
Manduca CHS1 gene, overlapping cDNA fragments
were assembled. RNA was isolated from different stages
of Manduca development (pre-molting, actively feeding,
and post-molting), different instars (first–fifth larval
instars), and from prepupae and newly ecdysed pupae.
Total RNA was prepared with TRIzol reagent (Life-

Tech, Rockville, MD) and mRNA was purified with a
Messenger RNA Isolation Kit (Stratagene, La Jolla, CA).
Reverse transcriptions and subsequent PCR amplifi-
cations were performed by using 5�- and 3�-RACE kits
(Life-Tech, Rockville, MD). Several chitin synthase
cDNA fragments of MsCHS1 were cloned from these
PCR fragments by screening a fifth instar larval cDNA
library using fragment 4 as the probe and sequenced
(Fig. 1). RNA that was prepared from third instar or
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younger larvae was found to be the best template for
preparation of cDNA containing the 5�- and 3�-ends of
the gene. Each fragment was sequenced in both direc-
tions and overlapped a cloned, contiguous fragment by
more than 200 bp. The continuity of the sequence in the
assembled full-length cDNA was also verified by
sequencing genomic DNA that had been amplified by
PCR. DNA sequences were generated by automated
sequencing as described above.

The cDNA sequence of the Manduca chitin synthase,
MsCHS1, was subjected to homology searches
(BLASTX) of the GenBank database provided by the
National Center for Biotechnology Information (Altschul
et al., 1997; Gish and States, 1993). The Wisconsin
Sequence Analysis Package (GCG Unix version 10,
Genetics Computer Group., Madison, WI) and DNA-
STAR Software package (Madison, WI) were used to
compare chitin synthase protein sequences. Sequence
analysis tools of the ExPASy Molecular Biology Server
of the Swiss Institute of Bioinformatics were also used
to identify features of deduced protein sequences.

2.4. Developmental expression and northern blotting

Total RNA was prepared from the epidermis of fifth
instar larvae or pupae using the method of Chomczynski
and Sacchi (1987). Three to six insects were dissected
for each data point. To facilitate the homogenization of
the tissue, each sample was frozen in liquid nitrogen and
then ground to a powder with a mortar and pestle prior
to RNA isolation. Two micrograms of total RNA was
reverse transcribed with SUPERSCRIPT II RNase H-
Reverse Transcriptase (Life Technologies, Rockville,
MD) in a total volume of 20 µl, according to the manu-
facturer’ s directions. One microliter of each reverse tran-
scribed reaction was utilized for PCR under the follow-
ing conditions: initial denaturation at 94°C for 2 min;
for each cycle, denaturation was at 94°C for 30 s,
annealing at 56°C for 30 s, and extension at 72°C
for 2 min. Primers used were: (2507) 5�-
TGCAAAAGGCGACTGAACACA-3� (2527) and
(3714) 5�-TTCCTCTGGTCCTTCAGCTA-3� (3695) for
MsCHS1. Primers used for ribosomal protein S3 were
(221) 5�-CGCGAGTTGACTTCGGT-3� (237) and (619)
5�-GCCGTTCTTGCCCTGTT-3� (603). Amplification
of chitin synthase cDNA was for 28 cycles and that of
ribosomal protein S3 cDNA for 25 cycles. One-fifth of
each PCR sample was fractionated in a 1% agarose gel
in TAE buffer, and the amplified fragments were vis-
ualized by staining with ethidium bromide. Gels were
scanned and analyzed with the Kodak Digital Science
ID imaging software (version 2.0.3).

For northern blot analysis, 20 µg of total RNA from
pupal epidermis day-0 (P-0) was fractionated in a 1%
agarose/1.2% formaldehyde gel, and transferred to a
nitrocellulose membrane. The probe for hybridization

was a 1.2-kb cDNA radiolabeled by the Multiprime
DNA Labeling System (Amersham Pharmacia Biotech).
Hybridization was performed under high stringency con-
ditions (5X SSC/5X Denhardt’ s/50% formamide
(v/v)/0.1% SDS/100 µg ml�1 denatured salmon sperm
DNA) at 42°C. Following hybridization, the membrane
was washed twice in 2X SSC/0.1% SDS at room tem-
perature, twice in 2X SSC/0.1% SDS at 60°C, and once
in 0.2X SSC/0.1% SDS at 60°C; each wash was for 15
min. The membrane was then subjected to autoradiogra-
phy with an intensifying screen at �70°C.

3. Results and discussion

Chitin synthase genes of invertebrates have been
identified from only four species of insects and only two
of nematodes, while being greatly surpassed in number
by those identified from fungi. Even though chitin plays
such an important role in insect development and physi-
ology, it is still unclear how many chitin synthases a
species may have or how they are regulated. We have
begun to address some of these questions by characteriz-
ing a putative chitin synthase gene (MsCHS1) found in
M. sexta, the tobacco hornworm.

A fragment containing a portion of the MsCHS1
sequence was identified initially by PCR using cDNA
prepared from fifth instar larval mRNA as the template
and primers corresponding to two highly conserved
regions in fungal chitin synthases. That amplified frag-
ment of 312 bp (positions 2476–2787 in Fig. 1, see frag-
ment #4 at top) had sequence similarity by BLASTX
searches not only to invertebrate and fungal chitin synth-
ases but also to other family 2 glycosyltransferases,
notably rhizobial N-acetylglucosaminyl transferase,
NodC, and the hyaluronan synthases (Campbell et al.,
1997). Family GT-2 glycosyltransferases, which has
more than 950 members, synthesize a wide spectrum of
products ranging from chitin, cellulose, and hyaluronan
to complex cell surface glycolipids (Coutinho and Hen-
rissat, 1999; Henrissat and Davies, 2000; Rini and
Sharon, 2000).

A full-length cDNA sequence was then determined by
assembly of overlapping sequences of cDNA clones iso-
lated from fifth instar larval cDNA libraries, and from
PCR fragments generated from third instar larval cDNA
by 5�- and 3�-RACE. The assembled full-length cDNA
was confirmed to be transcribed from a unique locus by
sequencing of several genomic DNA clones covering
this region using several primers (Fig. 1). The cDNA of
MsCHS1 contained 5152 nucleotides with an ORF that
spans from nucleotide position 145 to 4836 (Fig. 1). A
polyadenylation signal, AATAAA, was found at pos-
itions 5118–5123. The sequence of MsCHS1 has been
deposited with GenBank under Accession No.
AY062175.
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The MsCHS1 ORF was deduced to encode a protein
of 1564 amino acids (Fig. 2) with a molecular mass of
approximately 179 kDa and a calculated pI value of pH
7.04. Chitin synthases of other insect species, specifi-
cally one known from the sequence of a cDNA of Lucilia
LcCS-1 (1592 aa, GenBank Accession No. AAG09712)
and that deduced by us from genomic DNA for Droso-
phila DmCHS1 (1615 aa, GenBank Accession No.
AE003603) are comparable in size.

Sequence alignments generated from BLAST and
CLUSTALW (1.81) analyses indicated that the protein
sequence of MsCHS1 was also most similar over its
entire length to the Lucilia LcCS-1 and Drosophila
DmCHS1 sequences. All three of these sequences are
aligned in Fig. 2. Pairwise comparisons estimated
sequence identities of 68% and sequence similarities of
80% between MsCHS1 and either LcCS-1 or DmCHS1.
Other chitin synthase-like proteins from invertebrates
had less identity to MsCHS1 and the sequences could
not be aligned in full (data not shown). These included
three from insect species (Drosophila DmCHS2, Gen-
Bank Accession No. AAF51798; Aedes AaCHS1, Gen-
Bank Accession No. AAF34699; and Anopheles
AgCHS1, GenBank Accession No. AY056833) as well
as three from nematodes (Caenorhabditis CeCHS1, Gen-
Bank Accession No. T32452; CeCHS2, GenBank
Accession No. T25284; and Brugia Bm-chs-1 GenBank
Accession No. AF274311; Harris et al., 2000). The
region that had the highest concentration of sequence
identities was demarcated by the common block
sequences, CATMWHXT (residues 567–574 of
MsCHS1) and WGTRE (residues 1061–1065). Also,
within this region are the blocks QXFEY and QRRRW
used to design the PCR primers as well as several key
aspartic acids (D) believed to be important for catalysis
of family 2 glycosyltransferases (Breton et al., 1998;
Wiggins and Munro, 1998; Breton and Imberty, 1999).

To provide some additional perspective to the com-
parison of primary sequences, secondary structure pre-
dictions were made for MsCHS1 and compared. Yeast
chitin synthases are localized to the plasma membrane
with a signal anchor or uncleaved signal peptide and are
predicted to have multiple transmembrane helices for
retention and topology. When analyzed by PSORT and
SignalP V2.0 software, the M. sexta chitin synthase was
predicted to be a non-secreted, plasma membrane protein
(www.cbs.dtu.dk/services/SignalP/; Nielsen et al., 1997;
Nielsen and Krogh, 1998). Likewise, secondary structure
prediction using TMHMM (v.2.0) software
(www.cbs.dtu.dk/services/; Hirokawa et al., 1998;
Sonnhammer et al., 1998) indicated that MsCHS1 was
a membrane-associated protein. The tobacco hornworm
enzyme apparently has 16 transmembrane helical regions
that are from 19 to 23 amino acids long, as depicted in
Fig. 3. These regions are residues 73–95, 128–150, 162–
184, 194–216, 223–245, 250–267, 300–319, 370–392,

Fig. 3. Predicted transmembrane profiles of putative invertebrate chi-
tin synthases using TMHMM (v. 2.0). Protein sequences analyzed were
MsCHS1, LcCS-1, DmCHS1, Drosophila DmCHS2 (GenBank
AE003596), Anopheles AgCHS1 (AY056833), Brugia Bm-chs-1
(AF274311), and Caenorhabditis CeCHS1 (AF026210) and CeCHS2
(Z72516). Transmembrane helices are indicated as vertical bars and
regions predicted to be on the inside or outside of the plasma mem-
brane by horizontal lines. For orientation, blocks of highly conserved
amino acids are indicated. The probable catalytic domain is boxed; the
darker shaded portion depicts the region with high sequence similarity
to fungal chitin synthases and the lighter shaded portion with low
sequence similarity to fungal chitin synthases. The transmembrane
spans that may be important for extrusion of chitin through the plasma
membrane are indicated as 5-TMS. Shaded ovals identify coiled-coil
domains (Paircoil Program).

405–427, 920–942, 949–968, 973–995, 1002–1024,
1034–1056, 1272–1291, and 1329–1351.

Also notable in the amino acid sequence of MsCHS1
are three long non-transmembrane regions from residues
430–919, 1059–1269 and 1352–1564. The first of these
non-transmembrane regions was predicted to be oriented
to the cytoplasm, whereas the other two are likely to
face the extracellular space. Within the 430–922 region,
there is a block of sequence that is highly conserved
among all chitin synthases (dark shaded box in Fig. 3).
Alterations by site-directed mutagenesis of some of these
highly conserved amino acids (indicated in Fig. 2) of the
Saccharomyces chitin synthases CHS2 and CHS3
sequences (Nagahashi et al., 1995; Yabe et al., 1998;
Cos et al., 1998) strongly suggest that this region is the
catalytic domain (shown in greater detail in Fig. 4). This
portion of the catalytic domain is believed to be oriented
to the cytoplasm given that one of the substrates for chi-
tin synthesis, UDP-GlcNAc, is found in the cytoplasm.

The transmembrane profile of MsCHS1 was compared
to those of putative chitin synthases from insects and
nematodes (Fig. 3). A consistent pattern can be seen

www.cbs.dtu.dk/services/SignalP/
www.cbs.dtu.dk/services/
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Fig. 4. Alignment of predicted protein sequences within the putative catalytic domain of invertebrate chitin synthases. Sequences were aligned
using MegAlign (DNAStar, Inc.) running the Clustal (PAM250) program. Abbreviations to designate proteins are the same as in Fig. 3 with the
sequence of Aedes AaCHS1 (GenBank AAF34699) added. For the representative fungal chitin synthase sequence of Saccharomyces ScCHS3
(P29465), only the amino acids identical (∗) or highly conserved (:) with the majority of the invertebrate sequences are indicated. Shaded amino
acids identify amino acids identical among three or more sequences.

when topology was predicated on the highly conserved
catalytic domain being oriented to the cytoplasm
(inside). A feature of particular interest is the predicted
five transmembrane spans (5-TMS) that immediately fol-
low the catalytic domain. These spans can also be found
in the same relative position with respect to the catalytic
domain in fungal chitin synthases (data not shown).
Even more significant is the fact that other glycosyl-
transferases that synthesize extracellular polymers such
as cellulose also have this proximate feature consisting
of a catalytic domain next to a potential pore-forming
structure; the 5-TMS may contribute to a pore in the
membrane through which the newly synthesized carbo-
hydrate polymers are extruded, as was proposed by Rich-
mond (2000) for cellulose synthases.

When the entire A. aegypti cDNA (GenBank
AF223577) was used as a query of the GenBank protein
database by BLASTX, we found that there were signifi-
cant sequence similarities between 5�-upstream
sequences and 3�-downstream sequences in chitin synth-
ases of LcCS-1 and MsCHS1, which were not found in
the AaCHS1 ORF identified by Ibrahim et al. (2000).
We suggest that the Aedes protein is actually longer than

the 865 amino acids reported and that the Aedes ORF
probably extends further in both the 5�- and 3�-direc-
tions. Thus, the Aedes CHS1 cDNA sequence needs to
be re-evaluated. The Aedes chitin synthase protein
sequence listed in the database has a transmembrane pro-
file that also suggests the amino acid sequence to be
truncated (data not shown). Prediction of transmembrane
helices revealed that the Aedes protein is missing the first
seven putative transmembrane helices as well as the last
one present in the other chitin synthases (Fig. 3). Simi-
larly, the sequence of Anopheles AgCHS1 may also be
missing the first seven putative transmembrane helices
and may represent a partial sequence. However, both the
Aedes and Anopheles sequences do contain the putative
catalytic domain and also exhibit the 5-TMS helices that
follow on the C-terminal side.

Four of the invertebrate enzymes, MsCHS1,
DmCHS1, LcCS-1 and Bm-chs-1, were also predicted
by the Paircoil program (Berger et al., 1995) to have a
coiled-coil domain (small oval in Fig. 3) that immedi-
ately follows the 5-TMS and the conserved sequence
WGTRE. The coiled coil predicted for Bm-chs-1 is
slightly more distant from WGTRE than for the other
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three proteins. This coiled-coil domain may serve as a
site for a protein–protein interaction and, given its poten-
tial binding location close to the catalytic domain, may
help to regulate chitin synthesis.

Next, we focused our attention on the region impli-
cated as important for catalytic activity of chitin synth-
ases. Initial comparisons of the full-length protein
sequence of MsCHS1 showed that it, as well as other
invertebrate chitin synthase sequences, had similarity to
the Pfam domain Chitin—synth—2 (Accession No.
PF03142), represented by Class IV and V fungal chitin
synthases (Specht et al., 1996). Reiterated BLASTP
revealed that the similarities to the fungal chitin synth-
ases could be extended approximately 500 residues from
about CATMWHXT to WGTRE, as identified in Fig. 3.
Among fungal chitin synthases, regions at the N- and C-
termini outside of this central conserved region are quite
variable. Within this interior region there was also simi-
larity to a portion of the glycosyltransferase domain,
Pfam PF00535, that represents a broad spectrum of pro-
teins that include N-acetylglucosaminyl transferases
(Unligil et al., 2000). To estimate the similarities of
insect and nematode chitin synthases with those of fungi,
the comparable span of amino acid sequences was com-
pared and included the signature motifs CATMWHXT
and QRRRW of the invertebrate and fungal sequences.
Blocks of identical/conserved sequences in the 5-TMS
to WGTRE region were accompanied by an increased
number of gaps, and, therefore, this aligned region was
not included in the comparison. Results of CLUSTAL
(PAM250) analyses of the 10 insect, nematode and fun-
gal catalytic domains are shown in Fig. 4, and the
sequence identities and similarities are summarized in
Table 1. Saccharomyces Chs3p was chosen as represen-
tative of the fungal chitin synthases that were used to
generate Pfam domain PF03142 because it is the best
characterized of the fungal enzymes. Other fungal chitin
synthases from Aspergillus fumigatus (Mellado et al.,
1995), Emericella nidulans (Fujiwara et al., 1997), and
Blumeria graminis (Zhang et al., 2000) exhibit overall

Table 1
Similarities of sequences from the catalytic region of chitin synthasesa: % identity/(% similarity)

MsCHS1 LeCS-1 DmCHS1 DmCHS2 AgCHS1 AaCHS1 Bm-chs-1 CeCHS1 CeCHS2 ScCHS3

MsCHS1 87 87 69 70 70 52 69 54 15
LeCS-1 (92) 95 67 70 70 52 68 54 18
DmCHS1 (92) (96) 68 72 71 53 69 55 18
DmCHS2 (79) (78) (79) 74 74 53 61 56 15
AgCHS1 (84) (85) (85) (84) 96 53 60 53 16
AaCHS1 (84) (86) (85) (84) (97) 52 60 54 16
Bm-chs-1 (66) (65) (66) (67) (69) (67) 51 73 16
CeCHS1 (83) (82) (82) (74) (75) (76) (66) 51 15
CeCHS2 (68) (69) (70) (69) (66) (66) (83) (69) 17
ScCHS3 (25) (30) (30) (23) (25) (24) (24) (24) (25)

a Each protein sequence used in these pair-wise comparisons was the same as those shown in Fig. 4.

identities of 35, 36 and 36%, respectively, with
MsCHS1.

There are several conserved motifs present in the puta-
tive catalytic domain of MsCHS1 and the other invert-
ebrate chitin synthases, as well as the fungal enzymes.
These include the D×D motif found in almost all classes
of glycosyltransferases and, as identified by the glycos-
yltransferase domain Pfam 00535, the invertebrate
sequences have DGD (positions 736–738) as indicated
in both Figs. 2 and 4. The aspartic acid (D) residues are
hypothesized to play a major role in enzyme function as
a part of either the catalytic site or a binding site for a
nucleotide sugar or metal ion (Breton et al., 1998; Wig-
gins and Munro, 1998). The invertebrate chitin synthases
also have motifs that have been identified as important
for catalytic activity of fungal chitin synthases based on
site-directed mutagenesis of S. cerevisiae chitin synth-
ases ScCHS2 and ScCHS3 (Nagahashi et al., 1995; Cos
et al., 1998). In addition to mutagenesis of the D×D
motif, results obtained from mutagenesis of the motifs
EDR and QRRRW in the fungal enzymes revealed that
they also contain key amino acids of the catalytic site
(see Figs. 2 and 4). Another motif implicated to play a
role in catalysis (synthesizing polymeric products) by
site-directed mutagenesis studies (Yabe et al., 1998) and
conserved in fungal chitin synthases is SWGTRE
(identified in Figs. 2 and 3). The similarities in amino
acid sequences between putative M. sexta and other
invertebrate chitin synthases to those microbial proteins
with chitin synthase activity strongly support the hypoth-
esis that the invertebrate proteins are actually chitin
synthases.

With completion of the Drosophila Genome project,
it has become evident that there are likely only two
genes that encode chitin synthases or related proteins in
the fruit fly (DmCHS1 and DmCHS2 of Figs. 2–4). The
alignment of Fig. 4 was used to generate a tree that finds
DmCHS1 and DmCHS2 in two branches of the insect
chitin synthases as shown in Fig. 5. So far as can be
surmised from available sequences, the insect chitin syn-
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Fig. 5. Classification of the insect chitin synthases. The tree was gen-
erated by MegAlign (DNASTAR, Inc.) from the alignment shown in
Fig. 4. Sequence abbreviations are the same as in Figs. 3 and 4.

thase family can be divided into two classes following
the scheme developed by Bowen et al. (1992) for the
multiple chitin synthases of fungi. MsCHS1 is in Class
A with DmCHS1 and LcCS-1, whereas in Class B are
DmCHS2, AaCHS1 and AgCHS1. Consistent with this
division is the confinement of expression of LcCS-1 in
epidermal cells for synthesis of chitin in the cuticle
(Tellam et al., 2000), and of AaCHS1 in epithelial cells
of the midgut for synthesis of chitin in the peritrophic
matrix (Ibrahim et al., 2000).

Lastly, we examined the expression of MsCHS1 to
determine whether it was associated with cuticle forma-
tion, as was suggested by its placement in the Class A
enzymes’ branch (Fig. 5). The transcript of MsCHS1 was

Fig. 6. Analysis of MsCHS1 gene expression in epidermis. (A)
Analysis by northern blot hybridization. Twenty micrograms of total
RNA prepared from day-0 pupal epidermis (P-0) was fractionated by
gel electrophoresis. The size of the MsCHS1 transcript in kilobases is
indicated by the arrow on the right. Standards in kilobases are shown
on the left. (B) Analysis by RT-PCR. PCR was performed with cDNA
synthesized from total RNA prepared from the epidermis of fifth instar
larvae or pupae. The age, in days, for each developmental stage is
noted above each lane. Relative amounts of MsCHS1 transcript (1188
bp) to that of rpS3 (398 bp) were determined for each stage by densito-
metry and graphed. Abbreviations are F, feeding stage; P, pupal stage;
rpS3, ribosomal protein S3; W, wandering stage.

detected by northern blot analysis and by RT-PCR.
Northern blot analysis detected a major transcript of
approximately 5.3 kb (Fig. 6A), indicating that our
cDNA is full length or nearly so. Upon longer exposure,
a minor transcript of approximately 7.3 kb was also
detected. This larger transcript may represent pre-mRNA
or the usage of alternative promoters or polyadenylation
sites, or may be the product of a closely related gene,
i.e. one for a Class B chitin synthase. For RT-PCR of
MsCHS1 transcript, primers were selected that would
amplify a 1.2 kb product from mRNA and a 2.0 kb pro-
duct from genomic DNA (see Fig. 1); the latter product
was not detected, indicating the absence of genomic
DNA contamination. RT-PCR showed chitin synthase
transcript levels to be relatively constant in the epidermis
during the feeding stage of the fifth instar (Fig. 6B).
Transcript levels then dropped to near undetectable lev-
els after feeding ceased and gradually increased during
the wandering prepupal stage as the insect approached
the pupal molt. To verify that the reduction in transcript
levels during the wandering stage was not due to a poor
quality of RNA and its inability to function as a template
or to lower amounts of template RNA for the reverse
transcription reaction, RT-PCR was also used to examine
the expression of ribosomal protein S3 (rpS3), a consti-
tutively expressed housekeeping gene (Jiang et al.,
1996). The transcript levels for rpS3 remained relatively
constant for all time points tested, even during the wan-
dering stage. These results are consistent with the need
for chitin synthesis to occur in the epidermis during both
the growth and molting periods of development (Cohen,
1991, 2001). They also suggest a negative regulation of
the CHS gene by ecdysteroid because hormonal levels
increase just prior to wandering behavior and decline
before pupation (Baker et al., 1987).

In summary, in insects and other organisms, the pre-
cursor molecule UDP-N-acetylglucosamine is poly-
merized by chitin synthases attached to the plasma mem-
brane to make extracellular chitin (Berninsone and
Hirschberg, 2000). From the sequences of the Droso-
phila genome, the projected number of chitin synthase
genes used by this insect is two. Confirmation of the two
predicted Drosophila protein sequences awaits com-
pletion and analysis of full-length cDNA sequences.
With a full-length cDNA for the Manduca chitin syn-
thase gene, further study of chitin synthesis in insects,
which was not possible previously because the mem-
brane-bound native enzyme could not be isolated and
characterized, will be possible. Future experiments
include recombinant expression of the full-length protein
and also just the catalytic domain as an active soluble
form to be used for elucidating the mechanism of action
(Machida et al., 2001), antibody production, tissue and
cellular localizations, and hormonal regulation of
MsCHS1 gene expression.
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